PERSPECTIVES
A decade of intense investigation has established a central role for lipoprotein receptors in regulating plasma cholesterol traffic. These receptors bind cholesterol-carrying lipoproteins and transport them into cells by receptor-mediated endocytosis. The receptor for low density lipoprotein (LDL) was the first discovered; it has been purified and its structure characterized. The LDL receptor was described in cultured human fibroblasts; identical receptors are now known to function in liver as well as in extrahepatic tissues. Operationally, the LDL/LDL receptor system can be considered the primary transport mechanism for endogenous cholesterol. Dietary cholesterol, on the other hand, is transported from the intestine in chylomicron remnants, which enter hepatocytes via distinct chylomicron remnant receptors. The chylomicron remnant/remnant receptor system is to exogenous cholesterol transport as the LDL/LDL receptor system is to endogenous cholesterol transport. In this article, we review recent developments in this rapidly advancing field. Two hepatic lipoprotein receptors (Fig. 1 ). Exogenous (dietary) cholesterol is delivered to the liver in chylomicron remnants (1, 2) , which are derived from intestinal chylomicrons through the action of lipoprotein lipase. The remnants rapidly enter the liver by receptor-mediated endocytosis after binding to specific remnant receptors (3) (4) (5) . Endogenous cholesterol transport begins when the liver secretes cholesterol into plasma together with triglycerides in very low density lipoproteins (VLDL). After the triglycerides of VLDL are removed by lipoprotein lipase, the reReceived for publication 5 May 1983. sultant cholesterol-rich particle is designated intermediate density lipoprotein (IDL). IDL particles bind with high affinity to hepatic LDL receptors. Some of the particles are rapidly cleared from plasma by this route; other IDL particles are converted to LDL. The mechanism of this conversion is unknown. LDL is removed relatively slowly from plasma by binding to LDL receptors in the liver and extrahepatic tissues (6) . These receptors are genetically and immunologically identical to the LDL receptors of cultured fibroblasts (4, 7). In rabbits, rats, and hamsters, more than half of the total LDL receptors are located in the liver (8, 9) . However, the precise distribution of these receptors in man is unknown.
Appreciation of the separate fates of endogenous and exogenous cholesterol is reinforced by new knowledge concerning apoprotein (apo)' B, the major structural protein of cholesterol-carrying lipoproteins (10 by the drugs compactin or mevinolin (13, 14) , when bile acid binding resins are given (15, 16) , or when an ileal bypass is created (17) . LDL receptors can be stimulated by thyroxine (18) and by pharmacologic doses of estrogen (19) . Hepatic LDL receptors decline when rabbits are fed a diet composed only of sucrose and casein (20) . In dogs, hepatic receptors fall with ageing (21) . All of the changes in receptor activity alter the rate of uptake of LDL by the liver and cause reciprocal changes in the plasma LDL level. Whenever hepatic LDL receptors are suppressed, the plasma LDL level rises; conversely, whenever these receptors are induced, the plasma LDL level falls.
Chylomicron remnant receptors do not appear to be regulated. Manipulations that affect hepatic LDL receptors do not influence the hepatic uptake of chylomicron remnants, nor do they cause a significant change in the plasma level of these lipoproteins (1, 3) . The receptors for LDL, and chylomicron remnants are also under separate genetic control. In humans with homozygous familial hypercholesterolemia (FH) and in the Watanabe heritable hyperlipidemic strain of rabbits, there is a genetic absence of LDL receptors in liver and extrahepatic tissues (22) . IDL and LDL accumulate in plasma, but chylomicron remnants do not.
Apoproteins that mediate binding to hepatic receptors ( Fig. 1) . The apoprotein specificity of the two hepatic receptors has been difficult to sort out, since most lipoproteins contain several apoproteins. The LDL receptor recognizes apo B-100, the only apoprotein of LDL. The same LDL receptor also recognizes apo E, a constituent of chylomicrons and chylomicron remnants as well as of VLDL and IDL. Apo E is a 34,000-dalton glycoprotein; its complete amino acid sequence is known (23 The affinity of the LDL receptor for apo E-HDLc is 20-fold greater than for LDL (which contains only apo B), but at saturation the receptor binds only one-fourth as many particles of apo E-HDL, as LDL (25) . Li- poproteins such as IDL that contain both apo B-100 and apo E bind to LDL receptors with higher affinity than LDL, suggesting that apo E is the preferential ligand. Chylomicron remnants, which contain apo E and apo B-48, also bind to LDL receptors (4, 26) .
Certain lipoproteins that contain apo E do not bind to LDL receptors. In particular, newly circulating chylomicrons and VLDL bind poorly despite their content of apo E (26, 27) . This poor binding has been attributed to the presence on these triglyceride-rich particles of another family of apoproteins, apo C (2). The apo C's are believed to play a dual metabolic role: They mask the receptor binding site on apo E and they also activate lipoprotein lipase. After the triglycerides have been hydrolyzed by lipoprotein lipase, the apo C's leave the particles and the particles are rapidly cleared from plasma.
Although chylomicron remnants can bind to LDL receptors in vitro, functional and genetic evidence, reviewed above, indicates that most of these particles enter the liver by binding to a separate class of unregulated receptors that do not recognize apo B-100-containing lipoproteins (Fig. 1) . What is the apoprotein that mediates this specific binding to remnant receptors? Sherrill et al. (28) provided evidence that this function is performed by apo E. They found that apo E-HDL, competes with '25I-labeled chylomicron remnants for uptake in perfused rat livers. Moreover, apo E-HDLc binds to liver membranes in vitro at a time when LDL receptors have been metabolically suppressed (3). In view of these binding specificities, hepatic LDL receptors have been called "apo B, E receptors" and chylomicron remnant receptors have been called "apo E receptors." However, since the hepatic apo B, E receptor is now known to be the same molecule as the extrahepatic LDL receptor, this dual nomenclature seems redundant.
The binding of apo E to both the remnant receptor and the LDL receptor creates a paradox. In certain metabolic and genetic situations, the LDL receptor is suppressed or absent, but the remnant receptor functions normally. Under these conditions the plasma accumulates large amounts of lipoproteins, such as IDL and so-called "f3-VLDL," that contain both apo B-100 744 M. S. Brown and J. L. Goldstein and apo E. If apo E-containing particles can bind to the remnant receptor, why are they not removed from the circulation in vivo? The simplest answer (for which there is no direct evidence) is that apo E cannot bind to the remnant receptor when it is present on a lipoprotein particle together with apo B-100. Somehow apo B-100 may mask the ability of apo E to bind to the remnant receptor and thereby direct it to the LDL receptor. In summary, apo E is an important determinant of the affinity of lipoproteins for both the chylomicron remnant receptor and the LDL receptor. I'he decision as to whether a given lipoprotein binds to the remnant receptor or the LDL rhceptor is controlled by the interaction of apo E with its neighboring apoproteins and perhaps lipids. Through these interactions, exogenous apo B-48-containing lipoproteins are directed to remnant receptors and endogenous apo B-100-containing lipoproteins are directed to LDL receptors.
FH: genetic defect in a receptor. The LDL receptor has an apparent molecular weight of 160,000 as determined by sodium dodecyl sulfate gel electrophoresis and density gradient ultraceiitrifugation (29, 30) . The receptor is synthesized in the rough endoplasmic reticulum as a precursor with an apparent molecular weight of 120,000 (31) . It undergoes an apparent increase of 40,000 in molecular weight in the Golgi apparatus before its insertion into the plasma membrane. The receptor has both 0-linked and N-linked carbohydrate chains (Cummings, R., S. Kornfeld, W. J. Schneider, K. K. Hobgood, H. Tolleschaug, M. S. Brown, and J. L. Goldstein, manuscript in preparation). The posttranslational increase in size may result from elongation of the 0-linked chains.
FH is caused by a mutation in the gene for the LDL receptor. At least eight mutant alleles are known (32) . Each mutation disrupts a step in the itinerary of the LDL receptor, affecting its synthesis, posttranslational processing, or localization in coated pits. About one in 500 persons has one mutant gene for the LDL receptor and is thus an FH heterozygote. These individuals produce only half the normal number of functional receptors and hence they degrade LDL at a reduced rate. In the steady state, the level of LDL in plasma is about twofold above normal, and atherosclerosis usually occurs by the fifth decade. About one in 1 million persons inherits two mutant alleles at the LDL receptor locus and is termed an FH homozygote. Often, these individuals inherit a different mutant allele from each parent and thus they are "genetic compounds," analogous to patients with SC hemoglobinopathy. FH homozygotes synthesize no functional receptors or only a very small number. As a result, IDL particles are not cleared normally by the liver and are converted to LDL in increased amounts (Fig. 1) . The LDL, in turn, is catabolized sluggishly, and its accumulation in plasma leads to severe atherosclerosis in childhood (33) .
In addition to the high affinity receptor pathway, LDL can be degraded by less efficient receptor-independent pathways. When the LDL receptor is absent, as in receptor-negative FH homozygotes and Watanabe heritable hyperlipidemic rabbits, these receptorindependent pathways account for all the degradation of plasma LDL (34) . Radioactive lipoproteins that are cleared by these low affinity pathways are found in liver and extrahepatic tissues (35) . The mechanism of this uptake is unknown.
Measurement of LDL receptor-dependent and -independent pathways in vivo. At a clinical level, it is now possible to estimate the relative amounts of LDL that are catabolized via receptor-dependent and -independent pathways. This is achieved by the simultaneous administration of doubly labeled radioactive lipoproteins, one of which is modified in such a way that it can no longer bind to the LDL receptor. This approach is based on the observation by Mahley et al. (36) that arginine and lysine residues in LDL are required for binding to the LDL receptor. When these residues are modified, LDL cannot be degraded by the receptor, and it is catabolized only by receptor-independent pathways.
The first ligand used for this purpose was cyclohexanedione-modified LDL. Shepherd et al. (37) showed that native LDL was removed from plasma faster than the modified preparation, documenting the role of LDL receptors in vivo. Quantitatively, cyclohexanedione-LDL underestimates the amount of clearance by the receptor pathway because blockage of receptor binding is incomplete and because some of the cyclohexanedione comes off the particle in the circulation (36, 38) .
Better methods for blocking receptor binding involve methylation or glucosylation of the lysine residues of LDL (Table I ). In humans, glucosylated LDL is removed from the circulation only one-fifth as rapidly as is native LDL, indicating that four-fifths of the clearance of LDL is mediated by the receptor pathway (39).
Familial dysbetalipoproteinemia: genetic defect in a ligand. Patients with familial dysbetalipoproteinemia have a marked elevation in apo E-containing lipoproteins (IDL and chylomicron remnants) in their plasma and they develop severe premature atherosclerosis (40) . These individuals have two mutant alleles at the apo E locus (41, 42) . Most commonly, both mutant alleles specify a protein, apo E-2, with a cysteine substituted for an arginine at position 158 (43) . Apo E-2 has a markedly reduced affinity for LDL receptors in intact fibroblasts and liver membranes (44, The complexity of the apo E binding function is highlighted by several other mutations at this locus. A family has been described in which several siblings lack apo IF entirely, apparently as a result of homozygosity for a null allele at the apo E locus. These individuals have the classic syndrome of familial dysbetalipoproteinemia (51) . In addition to the apo E-2 and null alleles, six mutant alleles with different amino acid substitutions have been identified (Mahley, R. W. and T. Innerarity, unpublished observations). In most cases, the abnormal apo E have diminished LDL receptor-binding activity and cause familial dysbetalipoproteinemia. However, one abnormal apo E (argcys at position 145) binds nearly normally to LDL receptors when tested in vitro, yet the individual who posesses two copies of this allele has the full-blown syndrome (43, 44) . Clearly, a full understanding of familial dysbetalipoproteinemia will require a more complete knowledge of the mechanisms by which the lipid and protein components of lipoproteins affect the receptorbinding activity of apo E.
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